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Introduction
Chronic cerebrospinal venous insufficiency (CCSVI) comprises a series of stenotic malformations affecting the extracranial cerebrospinal venous outflow routes, mainly the internal jugular and azygous veins [33] . The chronic insufficient venous drainage occurring in the course of CCSVI was postulated to cause multiple sclerosis (MS) through the deposition of iron in the walls of the congested veins and in the brain tissue [43] . Multiple sclerosis is a chronic incurable demyelinating disease of the central nervous system, which affects up to 2.5 million people worldwide [15] .
Multiple sclerosis is described as focal inflammatory demyelination that leads to slowing or loss of impulse transmission [35] . The development of MS occurs in three stages: inflammation, demyelination and axonal damage [23] .
Iron overload is hypothesized to act as a causal factor in the development of MS lesions [41] , either directly via oxidative stress or indirectly by causing the primary activation of the autoimmune cascade [32] .
The potential link between the pathogenesis of MS and CCSVI has generated tremendous interest in the scientific community and in the news media [17] .
To date, a limited trial has been attempted to create an animal model of CCSVI, bilateral jugular venous ligation have been performed and the mice models have been evaluated for inflammation and demyelination. However, detection of iron and explaining its role in the pathological changes attributed to CCSVI was never attempted [3] .
Given the insufficient evidence and the conflicting data concerning the role of CCSVI in the etiology of MS and the source of iron in the course of MS, the present study aims to clarify if CCSVI has any role in MS pathogenesis in a rat model.
Material and methods

Animals and ethics statement
After approval of the CARE (Committee of animal research ethics) of the Faculty of Medicine, Ain Shams University, thirty female adult six-month-old Wistar rats of an average weight of 160 gm were obtained from the animal house of the Medical Research Center (MRC) of the Faculty of Medicine, Ain Shams University and were randomly assigned to either a jugular vein ligation group (n = 15) or a sham-operated group (n = 15). The animals were given a standard diet and tap water ad libitum, housed as three rats/cage and kept in a temperature-controlled room (23 ± 1°C) with a 12 : 12 hours light/dark cycle.
Jugular veins ligation
Under anesthesia using an intraperitoneal injection of ketamine 75 mg/kg and intramuscular chlorpromazine hydrochloride 20 mg/kg and complete aseptic conditions [45] , a midline neck incision was performed taking care not to injure the rat salivary glands. The external jugular veins were exposed bilaterally and ligated in their upper portion just distal to its formation by the union of the anterior and posterior facial veins to avoid blockage of salivary glands drainage using sterile silk 4-0 sutures. The skin closure was done using absorbable vicryl sutures. For six successive postoperative days, wound cleaning was performed and Cefotaxime 40 mg/kg intramuscular injection was given twice daily.
A control group (sham-operated group) was ex posed to the same operative procedures and postoperative precautions but without jugular veins ligation.
Neurological examination
The rats were followed up clinically using the standard 5-point "Experimental autoimmune encephalomyelitis" staging system according to Chen et al. [9] , starting from one month post-surgery: 0 = no signs, 1 = complete tail limpness without limb weakness, 2 = limb weakness without obvious paralysis on ambulation, 3 = one limb with partial paralysis (voluntary movements are still possible), 4 = one limb with complete paralysis, and 5 = moribund.
Tail limpness was tested by fixation of the tail base and observing the tone of the tail, limb weakness was defined by an impaired righting reflex; the rats have difficulty turning over after being laid down on their back, complete paralysis was defined as a total loss of righting reflex.
Obtaining brain tissue for assessment
After eight months and under anesthesia using ketamine 75 mg/kg IP and chlorpromazine hydrochloride 20 mg/kg IM [45] , perfusion fixation of the rat brain was performed; and thoracotomy was done and 4% warm formalin in phosphate buffer saline was infused in the rat's left ventricle [14] . Decapitation was done, then the skull was opened and the brain was extracted.
A coronal segment of the brain was cut between a level of 8 mm to 15.3 mm from the beginning of the olfactory bulb which is equivalent to bregma 1 mm to bregma -6.3 mm according to stereotaxic coordinates by Paxinos and Watson [30] . The selected segment comprises most of the brain white matter bundles. The brain segment was immersed in 10% formalin in phosphate buffer saline for processing of paraffin blocks.
For preparation of semithin sections, samples of white matter ( [5] .
Immunohistochemical staining
Immunohistochemical staining was carried out on 4 µm sections of formalin-fixed paraffin embedded tissue using Dako autostainer with standard labeled streptavidin-biotin-peroxidase complex technique and diaminobenzidine (DAB) served as the chromogen. Staining was performed applying a polyclonal rabbit antibody against glial fibrillary protein (GFAP) (Dako, Code IS524, ready-to-use), monoclonal mouse antibody against CD68 (Dako, Code IS609, Clone KP1, ready-to-use), monoclonal mouse antibody against CD45 (Dako, Code IS751, Clones 2B11 + PD7/26, readyto-use). Rat brain, rat tonsil and rat spleen tissues were used as positive control for GFAP, CD68, CD45 immunostains, respectively. Negative control was achieved by performing the staining procedures with omission of the primary antibody.
Toluidine blue staining of semithin sections from resin-embedded blocks
The samples were washed off the fixative preparation in phosphate buffer for a period of 4 hours, then post fixed in 1% buffered osmium tetroxide for 1-2 hours at 4°C. The tissue pieces were subsequently washed twice in phosphate buffer and then dehydrated in ascending grades of ethanol. Clearing was done in propylene oxide for 20 minutes at room temperature. Infiltration was then done by using equal parts of propylene oxide and Epon 812 for overnight. The specimens were embedded in gelatin capsules filled with fresh Epon. The capsules were placed in the oven at 60°C for 48 hours to allow polymerization. Finally, semithin sections were cut at one-micron thickness with a glass knife and were stained with 1% toluidine blue stain dissolved in 1% borax for approximately 30-60 seconds at 60-70°C.
Computer image analysis
"TS View" computer image analysis software version 6.2.4.5 was used to quantitate the number of myelinated fibers and the number of astrocytes per microscopic field as well as the surface area of the astrocytic cell.
NIH "Image J" computer image analysis software version 1.40 g was used to measure the area of iron deposits, area of stained myelin as well as area stained immunohistochemically by GFAP per microscopic field.
For each of the previous entries, measurements were taken from six microscopic fields per slide, six slides per rat and six rats per group.
Counting the myelinated fibers in semithin sections per microscopic field was done using the 100X objective lens. The number of astrocytes per microscopic field was counted using the 40× objective lens. The surface area of astrocytes in square micrometer was measured using the 100× objective lens (6 astrocytes were measured for each case and the mean surface area of the individual astrocyte was then calculated). For measurement of area percentage of iron and GFAP per microscopic field, the 4× objective lens was used.
Calibration of the software was done for each microscopic magnification in order to translate pixels into micrometers. This was done with the aid of a stage micrometer.
For measurement of area percentage per microscopic field used for quantitation of iron and GFAP, images were split into RGB stacks, then the red stack was chosen and adjusted to grey scale threshold to mark the stained areas-areas of positive immunoreactivity with a red-colored binary mask. Then, the percentage of these areas in relation to the microscopic field was subsequently calculated.
Statistical analysis
SPSS software (Version 13.0) was used. Comparison of means between the control and experimental groups was done using independent-samples t-test with p value of < 0.05 was considered significant and < 0.01 was considered highly significant.
Results
Chronic cerebrospinal venous insufficiency in rats does not result in neurological deficit
Clinical follow-up of the rats performed using the standard 5-point "Experimental autoimmune en ce phalomyelitis" staging system revealed no neurological signs in both the sham-operated control group and the jugular vein ligation group. Monthly follow-up started one month post-surgery revealed preserved tone and movement of the rat tail on fixation of the base of the tail with no paralysis or flaccidity. Normal righting reflex was observed.
Histopathological examination and histochemical staining results
Examination of white matter tracts at the level of bregma 1 mm, bregma -1.4 mm, and bregma -2.8 mm as they appeared craniocaudally and dorsoventrally included the cingulum, the corpus callosum, the external capsule, the discrete patches of fibers dispersed in the caudate-putamen, the anterior commissure, the medial forebrain bundle, the lateral olfactory tract, the ventral hippocampal commissure, the dorsal hippocampal commissure, the stria medullaris thalami, the fimbria, the stria terminalis, the internal capsule, the fornix, the mammillothalamic tract, and the optic tract. The following were also examined: the white matter structures apparent at the level of the superior colliculus of the midbrain corresponding to bregma -6.3 mm comprised of the superior colliculus, the medial longitudinal fasciculus, cerebral peduncle, the medial lemniscus, and the alveus.
Histopathological examination by H&E
The examined white matter tracts in both jugular vein ligation group and sham-operated control group exhibited normal appearing white matter with no detectable hypodense patches suggesting demyelination. No signs of congestion or inflammatory cell infiltration were noted in both groups. Mild widening of perivascular Virchow Robin space with surrounding mild brain tissue edema was observed in the jugular vein ligation group compared to the sham-operated control group.
Myelin luxol fast blue/cresyl violet stain
The white matter showed reserved integrity with no foci of demyelination on light microscopic examination of Luxol fast blue/cresyl violet stained rat brain coronal sections in both the sham-operated control group and jugular vein ligation group (Fig. 1A-B) . Sharp discrimination between the white matter, which was stained deep blue, and grey matter, which acquired light blue color, was exhibited by the stain.
Computerized image analysis revealed that the percentage of areas stained for myelin per microscopic field in the sham-operated group and in the JVL group were 21.86% ± 10.93% and 23.15% ± 11.73%, respectively. The difference between the two groups was statistically non-significant (p = 0.813) (Fig. 2) .
Silver stains
Light microscopic examination of silver stained coronal sections of the rat brain in the JVL group revealed similar results to the control group. No alteration in the organization of the major white matter structures with no apparent tangles or swellings in the fibers were noted with Bielschowsky stain and modified Glees technique (Fig. 1C-D) .
Iron Perls Prussian blue stain
Light microscopic examination of Perls Prussian blue stained coronal sections of the brain of the rats in the sham-operated control group showed minimal or negative iron deposits (Fig. 1E) . On higher magnification, this trivial iron deposition was observed within the oligodendrocytes, the endothelial lining of the blood vessels as well as in the surrounding brain tissue.
Regarding the jugular vein ligation group, markedly increased iron deposition was noted (Fig. 1F) . The iron deposits were aggregated mainly in white matter tracts including the corpus callosum, the cingulum, and the external capsule, the white matter tracts within the caudate-putamen complex, and the anterior commissure. Moderate iron deposits were seen in the fimbria and the internal capsule and the stria terminalis, minimal deposits were observed in the optic tract, the fornix, the mammillothalamic tract and the medial longitudinal bundle. On higher magnification, the iron deposits were observed within the oligodendrocytes as well as intercellular deposits. The blood vessels captured on higher magnification photomicrographs showed extensive iron deposits in the endothelial lining of the blood vessels as well as a marked increase in iron in the surrounding brain tissue. No apparent iron deposit in sham-operated control group (E), while a marked increase in iron deposition is noted in the JVL group, mainly noted in white matter tracts (arrows) (F), inset shows iron deposits in endothelial cells (arrows) of a blood vessel "BV" and intercellular deposit in surrounding brain tissue (arrowheads) with mild widening of the perivascular space "P"; Perls Prussian Blue stain. Site of sections at coronal levels corresponding to bregma -1.4 mm for A, B, C, and D and bregma -1.2 mm for E and F; original magnification for all ×40 and ×1000 for inset. Abbreviations: amygdaloid complex (AMG), corpus callosum (CC), cingulum (CN), caudate-putamen (CP), external capsule (EC), fimbria (FI), fornix (F), internal capsule (IC), globus pallidus externa (GPE), lateral olfactory tract (LO), lateral ventricle (LV), medial forebrain bundle (MFB), optic chiasma (OX), piriform cortex (PI), stria medullaris thalamai (SM), stria terminalis (ST), thalamus (TH), ventral hippocampal commissure (VHC), third ventricle (3V). Upon computer image analysis, the percentage of areas stained for iron per microscopic field in the sham-operated group was 0.93% ± 1.37% compared to 7% ± 5.66% in the JVL group. This difference was statistically highly significant (p = 0.003) (Fig. 2) .
Immunohistochemical staining results
GFAP immunostaining reveal astrogliosis in rats with CCSVI
The stain highlighted the astrocytic cells mainly in the perivascular localization with apparent astrogliosis observed in the JVL group compared to the sham-operated group. The reactive astrocytes were distributed rather evenly in the white tracts examined with a slight increase in numbers at the corpus callosum and external capsule. This astrogliosis is evidenced as a marked increase in size and number of reactive astrocytes in the JVL group compared to the sham-operated group which appeared as large cells with highly branching thick and intensely staining processes.
This astrogliosis observed by light microscopic examination of the GFAP stained section in the JVL group was further confirmed upon comparing the JVL group to the sham-operated group regarding the area percentage of GFAP immunoreactivity per microscopic field (14.81 ± 6.2 vs. 3.21 ± 0.55) and the number of astrocytes per microscopic field (64.67 ± 8.62 vs. 37.83 ± 7.94), as well as the mean surface area of the astrocyte in µ2 (152.88 ± 61.44 vs. 74.37 ± 42.39) via computerized image analysis with a highly significant statistical difference, p < 0.001 (Figs. 2  and 3 ).
CD68 and CD45 immunostaining reveal lack of inflammatory response in rats with CCSVI
Neither microglial/macrophage nor lymphocytes could be detected in either perivascular or brain-parenchymal localization in both sham-operated and JVL groups (Fig. 4) .
Results of semithin toluidine blue stained sections examination
Light microscopic examination of toluidine blue stained semithin sections from the rat brain of both the sham-operated control group and the JVL group revealed similar findings with unremarkable myelinated nerve fibers, oligodendrocytes, and astrocytes (Fig. 5) . Examination of nerve fibers in the corpus callosum and the caudate-putamen showed myelination of most of the fibers with the myelin appearing as a continuous dense cuff surrounding the axons with no apparent vacuolation or thinning. The axons appeared pale and homogenous (Fig. 5) .
Computerized image analysis revealed no statistical significant difference between the number of myelinated fibers per microscopic field in the JVL group (119.83 ± 29.2) compared to the sham-operated group (114.5 ± 32.24), p = 0.770 (Fig. 2) .
Discussion
This study was designed to validate the hypothesis that CCSVI leads to inflammation and demyelination in MS through the deposition of iron in the brain.
The present study showed that even though the rat model of CCSVI showed extensive iron deposition and reactive astrogliosis mostly in white matter, no signs of demyelination were detected. Also no signs of inflammation were observed as confirmed by negative immunoreactivity for both CD68 and CD45. The neurological follow-up of the JVL group and the sham-operated group showed similar results with no paralysis or weakness and intact righting reflex. as assessed by CD68 and CD45 immunostaining, respectively, in the JVL group; the site of section at coronal levels corresponding to bregma -1.4 and -2.8 mm, respectively, original magnification ×40. Abbreviation: caudate-putamen (CP), external capsule (EC), fimbria (FI), internal capsule (IC), stria terminalis (ST), lateral ventricle (LV), ventral hippocampal commissure (VHC).
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Jugular vein stenosis was found in some studies to exist in 91% of MS patients with 14% showing bilateral stenosis [26, 52] . The cerebral venous outflow in the rat is carried mainly by the external jugular vein with contribution from the vertebral vein, unlike human circulation, the internal jugular vein is almost vestigial in the rat [4] . In the present study, total ligation of the external jugular vein bilaterally in the rat model was performed to maximize the effect on the cerebral venous circulation.
Bilateral jugular vein stenosis in CCSVI was associated with activation of the cervical and intracranial collateral circles shunting the blood towards the superior vena cava and the azygos venous system, respectively [48] . The activation of these collateral circuits was confirmed by CT venogram in the JVL animal model used by Atkinson et al. [3] ; in the present study, the rat model was used replacing the original mouse model, the cerebral venous drainage in both species is similar as well as the brain structure with few minor differences [29, 44] .
Mimicking the exact pattern of the venous malformations in CCSVI in a rat model was inaccessible due to the difficulty and high mortality encountered with ligation of the azygos or vertebral veins in rats.
The head position in humans differs from that of the rat which impacts the cerebral venous drainage. In humans the upright position places the internal jugular veins above the heart causing their collapse and shifts the cerebral venous drainage towards the vertebral vein and azygos system [46] . As rats are quadrupeds, the jugular veins are less liable to compression and play a major role in the cerebral venous outflow [29] , which accounts for the use of the jugular veins in the present study.
Although the study of Atkinson et al. [3] , which employed mice as an animal model of CCSVI, extended over a period of six months, the present experiment extended over a period of eight months in rats. This period covers almost one third of the life span of albino rats [38] . In addition, this time period should be sufficient for the occurrence of pathological manifestations of MS i.e. inflammation, demyelination and axonal injury. Taking into consideration the occurrence of MS in humans in their third or fourth decade [27] and that in the present experiment JVL was performed bilaterally and the venous occlusion was complete, and this would enhance the occurrence of such manifestations if the hypothesis of Zamboni et al. [51] was valid.
Areas of the rat brain drained by the external jugular vein comprise the dorsal and the ventral aspects of the brain excluding the caudal part of the brainstem and the cerebellum which is drained mainly by the vertebral and the small internal jugular vein [29] . The coronal brain segment examined in the present study was limited to the areas drained chiefly by the external jugular vein. This segment comprised the periventricular areas, the major white matter tracts as well as the optic tract and optic chiasma. Multiple sclerosis is a disease of the white matter, the cortical lesions are typically periventricular in 80% of patients [13] .
The present study showed that CCSVI led to iron deposition in the brain, which is consistent with the findings of Zivadinov et al. [53] using MRI in humans. The iron deposits in the present work were recognized mainly in the white matter and the perivascular zones and were detected in oligodendrocytes, a finding similar to the distribution of iron deposits in the brains of more than 30% of MS patients in a study by Adams [2] .
However, the distribution of iron deposits in the present study was different from the normal distribution of iron in the rat brain described by Hill and Switzer [19] , in their study iron was mainly localized in the circumventricular organs, the pyriform cortex, the globus pallidus, the caudate-putamen and the substantia nigra. Studies showed that chronic venous disease typically leads to iron deposition in tissues [1, 48] , which is in accordance with the present study.
The iron deposition that was detected in the current study could be explained by reviewing the findings of Sakata et al. [37] who stated that jugular vein ligation alters cerebral venous volume and the findings of Yura et al. [49] that revealed that jugular vein ligation leads to decreased cerebral blood perfusion. Also, decreased CSF reabsorption was linked to bilateral jugular vein ligation [21] . Hypoxic states were shown to facilitate iron uptake [28] and this uptake by the brain is regulated by the blood-brain barrier (BBB) and the blood-cerebrospinal fluid barrier [31] . Such derangement in the CSF flow dynamics might contribute to the iron deposition observed in the present study.
It was suggested that iron initiates the demyelination sequence in MS either directly through the release of free radicals and reactive oxygen [53] , or indirectly by acting as a potent chemotactic factor for macrophages and causing the initial activation of T-cell autoimmune cascade [32] .
The lesions in MS are characterized by disturbance of the blood-brain barrier, local edema and demyelination; elements which point to an inflammatory process [12] . The inflammatory process in MS is initiated by the expression of adhesion molecules, followed by the passage of T-lymphocytes and macrophages or microglia cells across the blood-brain barrier [23] . In the areas of active damage, different populations of lymphocytes dominated by CD8+ T-cells as well as cytotoxic T-cells are found, these cells as well as macrophages and activated microglia are closely attached to degenerating myelin sheaths and axons, the inflammatory cells are believed to play a major role in the demyelination and axonal injury [23] .
In spite of the iron deposition detected in the present study, there was no observable demyelination or inflammation in the JVL group which was in agreement with Williams et al. [47] who reported that iron deposits in an animal model of MS were found to be independent of the lesions or the inflammation. These results are contrary to the hypotheses proposed by Zamboni [50] that the deposition of iron as a result of deranged cerebral venous return is capable of inducing signs of MS.
Also in the present study, iron deposits were not seen in macrophages, which is contrary to the findings observed typically in inflammatory diseases [40] .
Moreover, it was proposed that the source of perivenular iron deposits in the course of MS is extravasated red blood cells that occur as a consequence to alteration in the blood flow pattern resulting in microbleeds [39] . However, the present study did not reveal the presence of extravasated red blood cells.
The results of the present study were consistent with those rendered by Atkinson et al. [3] . In both studies, bilateral jugular vein ligation resulted in no signs of demyelination with absence of activated microglia and lymphocytes. In both studies, neurological assessment of the rats showed no signs of neurological impairment which was in agreement with the histopathological findings. These findings can explain the existence of CCSVI in up to 30% of healthy individuals [22, 24] . These results provide evidence that iron deposition resulting from the venous reflux in CCSVI is not a direct causal factor for inflammatory and demyelinating diseases, which explains its occurrence in disease-free individuals.
The present study showed an increase in the number and size of astrocytes as detected by image analysis of GFAP stained sections, this finding is in accordance with the astrogliosis observed in the course of MS [16] . However, the pattern of astrogliosis in the present study was diffuse while in MS, hypertrophied astrocytes were typically seen inside the acute and chronic lesions and form a limiting zone surrounding chronic and inactive plaques [34] .
The occurrence of astrogliosis in the current study could be explained by a decrease in cerebral perfusion [8, 37] and decreased regional cerebral oxygen saturation [46] . In another study, Román et al. [36] revealed that gliosis was detected in the brain after incomplete ischemic injuries.
The presence of macrophages and lymphocytes in the active MS lesion was established in several studies [7, 25] and immunostaining for CD68 and CD45 to highlight such inflammatory cells in brain tissue was previously reported [10] . However, the present study revealed that both CD68 and CD45 showed no detectable inflammatory response in the JVL group.
In conclusion, there is little convincing evidence to confirm a cause-and-effect relationship between venous insufficiency and the pathophysiological cascade underlying MS using the current animal model of CCSVI. Further studies are recommended in order to assess the possible relation between CCSVI and MS by comparing the effect of induction of CCSVI in a chemically-induced rat model of MS, in comparison to an isolated MS model.
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